RNA conformational transformations are integral to RNA's biological functions. Further, structured RNA molecules exist as a series of dynamic intermediates in the course of folding or complexation with proteins. Thus, an understanding of RNA folding and function will require deep and incisive understanding of its dynamic behavior. However, existing tools to investigate RNA dynamics are limited. Here, we introduce a powerful fluorescence polarization anisotropy approach that utilizes a rare base analogue that retains substantial fluorescence when incorporated into helices. We show that 6-methylisoxanthopterin (6-MI) can be used to follow the nanosecond dynamics of individual helices. We then use 6-MI to probe the dynamics of an individual helix, referred to as P1, within the 400nt Tetrahymena group I ribozyme. Comparisons of the dynamics of the P1 helix in wild type and mutant ribozymes and in model constructs reveal a highly immobilized docked state of the P1 helix, as expected, and a relatively mobile "open complex" or undocked state. This latter result rules out a model in which slow docking of the P1 helix into its cognate tertiary interactions arises from a stable alternatively docked conformer. The results are consistent with a model in which stacking and tertiary interactions of the A 3 tether connecting the P1 helix to the body of the ribozyme limit P1 mobility and slow its docking, and this model is supported by cross-linking results. The ability to isolate the nanosecond motions of individual helices within complex RNAs and RNA/protein complexes will be valuable in distinguishing between functional models and in discerning the fundamental behavior of important biological species.
Introduction
It has become increasingly apparent that RNAs are involved in numerous complex biological processes. Interestingly, many of these processes involve dynamic rearrangements of RNA structure. Examples include the helix rearrangements in spliceosome assembly, the processive catalytic cycle of protein synthesis by the ribosome, and the multistep self-splicing reaction carried out by more primitive RNA catalysts. 1-5 RNA rearrangements are also integral to regulation of gene expression and accompany protein binding to regulatory elements and metabolite binding to riboswitches. 6, 7 While powerful approaches have been developed to follow conformational transitions in RNA, including rapid chemical probing and bulk and single molecule fluorescence, 3,8-10 these approaches typically follow transitions between states separated by significant barriers for interconversion and not the underlying rapid conformational excursions of the individual ensembles. Furthermore, the tools available to follow such dynamic processes are limited. Recent elegant applications of NMR to RNA molecules of moderate size have led to detailed information about local motions on the nanosecond time scale. 11, 12 Nevertheless, these approaches are currently limited to moderately sized molecules at high concentration and cannot be applied to transient kinetic intermediates. Recently, applied sitespecific paramagnetic adducts can probe nanosecond dynamics at a particular site in a complex RNA 13, 14 and should also be highly useful in future studies. However, this approach also cannot interrogate transient intermediates and requires specialized experimental apparatus. Thus, additional dynamic probes of RNA would be valuable. † Traditionally, fluorescence has provided powerful probes of protein dynamics. Changes in fluorescence intensity or lifetimes provide evidence for conformational transitions, and the observed fluorescence changes are often related to changes in local dynamics, although those changes can be difficult to sort out. Fluorescence polarization anisotropy (FPA) provides a more direct readout of dynamics, as the degree of anisotropy is a function of the fluorophore's motion over its fluorescence lifetime, typically in the low nanosecond regime. FPA has been applied extensively in studies of protein dynamics and the formation of protein complexes (e.g., refs 15-17) . However, the use of FPA for nucleic acid studies has been severely limited, as described below. [18] [19] [20] [21] Complex RNAs are made up of short helical regions connected by junctions, and these regions are ultimately brought together or positioned by conformational preferences of the junctions, long-range tertiary interactions, and/or bound proteins. As RNA helices typically form rapidly and stably, the folding of complex RNAs often represents rearrangements of preformed helical elements. Thus, we would like to probe the dynamics of individual RNA helices within the context of larger RNA molecules and complexes.
Fluorescent dyes that are base analogues and incorporated into RNA are typically severely quenched upon duplex formation [22] [23] [24] [25] and are therefore unusable for FPA studies of helices. The alternative of tethering a dye away from the helix is suboptimal in several respects. The flexibility in the tether decouples the motion of the dye from the helix and reduces the sensitivity of the anisotropy of the dye to the motion of the helix. The bulkiness of a tethered dye can also produce unwanted interactions or steric effects. Further, the fluorescence lifetime and anisotropy of such a dye can be affected by changes in the motions of the helix to which it is attached or by changes in the local environment of the dye. Attachment of base analogue dyes in single-stranded regions of RNA can be powerful probes of local conformational changes but cannot cleanly report on regional dynamics. Also, the previous approach of using a nucleic acid intercalator such as ethidium bromide 18, 19 is not generally tenable, as the dye is not localized to a single helix and may also distort the helical geometry and thus the overall RNA structure.
In this study, we utilized the unusual property of a fluorescent guanosine analogue, 6-methylisoxanthopterin (6-MI; Figure 1A ). This base maintains significant fluorescence when incorporated into duplexes, 26 thereby allowing FPA measurements of individual helix dynamics. After we initiated our studies with this dye, another class of dyes with similar properties has been reported [27] [28] [29] and should be useful for studies analogous to those presented herein.
We show that 6-MI accurately reports on overall nucleic dynamics using a series of model constructs, and we use this dye to interrogate the dynamics of a single RNA helix within the ∼400 nucleotide Tetrahymena group I ribozyme ( Figure 1 ).
Experimental Section
DNA and RNA oligonucleotides made via solid-phase synthesis were obtained from Integrated DNA Technologies (Coralville, IA). 6-MI containing DNA and RNA oligonucleotides were obtained from TriLink (San Diego, CA) or Fidelity Systems (Gaithersburg, MD). All oligonucleotides were purified by gel electrophoresis or HPLC.
Ribozymes were prepared by in vitro transcription with T7 RNA polymerase and purified by gel electrophoresis as previously described for the wild type and mutant L-16 ScaI ribozyme 32 and for the L-21 ScaI ribozyme used in cross-linking experiments. 31 Lac repressor (LacI) was expressed from plasmid pMDB1 (a gift from Michael Brenowitz, Albert Einstein College of Medicine) in E. coli and was purified as described. 33 Assembly of Model Constructs and Ribozyme Complexes. Model constructs ( Figure 3A ) were assembled in two steps. The partially self-complementary long oligonucleotide, 5′-r(GGACAGGA- GGG-X-AGUUA) d(GCGAATTGTGAGCGCTCACAATTCGC)r(UAACU)-3′, where X ) none, r(AAA), r(UUU), or -(CH 2 -CH 2 -O) 6 -, was annealed to form a duplex with short hangover region on both sides by annealing at 95°C for 5 min, cooling to 50°C over 40 min, and quickly cooling to 4°C. As the partially self-complementary long strand can also form stable hairpin structures, the purity of the annealed products was assessed by nondenaturing gel electrophoresis, which revealed negligible amounts (2-4%) of hairpin in all cases (data not shown). The annealed long strand duplexes were then hybridized with a 6-MI-labeled short 11mer RNA strand to form the complete model constructs ( Figure  3A ) to be used in FPA measurements. A mixture of long and short strands at a ratio of 4:1 was annealed at 38°C for 30 min, and complete hybridization (>98%) was confirmed by nondenaturing gel electrophoresis (data not shown). Each model construct can bind up to two 6-MI labeled short strands. Further addition of duplexed long strands beyond the 4:1 ratio did not change the observed anisotropy or total fluorescence intensity (data not shown), providing additional evidence for complete hybridization and evidence against potential complexities from the fraction of complexes with two versus one fluorescent strand attached.
Three oligonucleotide RNA strands were used: S F , 5′-(CCC UCC UFU CC)-3′, S Fc , 5′-(CCC UCU UFU CC)-3′, and S Fo , 5′-(CCCm UCU UFU CC)-3′, where "F" refers to the 6-MI deoxyribose residue and "m" refers to a 2′-OCH 3 substitution. S Fc and S Fo are used in ribozyme experiments, as S Fc and S Fo favor the closed and open complexes, respectively (refs 34, 35; see Results and Discussion). S F was used in all model construct studies except for model constructs directly compared to ribozymes; in those cases, S Fo was used. S F differs from S Fc in only one residue: U6 of S Fc forms a conserved G · U wobble base pair with the ribozyme's internal guide sequence (IGS), and this G · U pair is important for docking. 36-38 S F replaces U6 with C6 to form a G · C Watson-Crick base pair with the opposite strand.
Complete binding of LacI to the model constructs was ensured by titrating concentrated LacI solution into hybridized model constructs until saturation ( Figure S1 ). Experiments with LacI were carried out with a constant Na + concentration of 300 mM. Extensive control experiments showed that this concentration of Na + prevented any significant nonspecific binding of LacI, which could otherwise affect FPA values (Supporting Information, Figure S1 ; data not shown).
Ribozyme complexes for FPA experiments were assembled as follows. The ribozyme was folded at 50°C for 30 min in 50 mM NaMOPS, pH 7.0, and 10 mM MgCl 2 . 39 A concentrated solution of the folded ribozyme was then titrated into 200 nM of short fluorescent substrate strands until saturation of the FPA signal. Typically, an excess of ∼2-fold was used. Saturation was confirmed before each experiment and was assumed to be maintained upon further addition of salt.
Fluorescence Polarization Anisotropy (FPA). FPA measurements were performed on a Fluorolog-3 spectrometer using a T-format. Excitation and emission wavelengths were set to 350 and 425 nm, respectively. Each data point presented herein is the average of measurements from 2-4 independent samples. For each independent sample, samples were generally allowed at least 4 min to equilibrate before the first measurement, and a total of 3-4 consecutive measurements were made over ∼10 min, with a standard error that was generally smaller than 0.0015. The standard errors among different independent samples was generally less than 0.002. We estimate the total error in FPA value as (0.0015 2 + 0.002 2 ) 0.5 ) 0.0025, and the total error has been used as error limits in figures and calculations. All FPA experiments were carried out with 50 mM NaMOPS, pH 7.0, with specified amounts of added NaCl and MgCl 2 . The FPA of the model constructs were measured at 15°C unless noted otherwise. The ribozyme measurements were carried out at 25°C.
Azidophenacyl Cross-Linking. The radiolabeled 5′-azidophenacyl L-21 ScaI ribozyme used in cross-linking studies was the same as that used in previous cross-linking studies and was prepared following the same protocol. 1,31 Photo-cross-linking was carried out by irradiating for 10 min with a 312 nm Foto/Prep transilluminator (Fotodyne Inc., Hartland, WI) at room temperature. The cross-linking products were separated on a 6% denaturing acrylamide gel with 7 M urea and imaged using a Molecular Dynamics phosphorimager (Amersham Biosciences Inc., Sunnyvale, CA).
Results and Discussion
As described in the Introduction, an ability to use FPA to assess motion of individual helices within a structured RNA or RNA/protein complex would greatly aid investigation of the properties and dynamics of these species. Required for such studies is a fluorescent base analogue that, when incorporated into a helix, maintains substantial fluorescence so that the dye will have the same motions as the helix and be able to report on these motions. Initial reports from Hawkins and co-workers suggested that 6-MI ( Figure 1A ), a fluorescent guanosine analogue that can base pair effectively with C residues, might be such an analogue. 26 We first determined the fluorescent properties of 6-MI in simple duplexes to determine whether 6-MI FPA can accurately report on helix motions. We then extended these tests to model constructs (MC) of helices connected by single-stranded tethers. Having established the ability of 6-MI to report on helix motions, we then sought to isolate motions emanating from particular tether sequences to compare the behavior of model tethers with tethers of the same sequence embedded in a complex folded RNA, the group I ribozyme from Tetrahymena thermophila.
Testing 6-MI as a Probe of Nucleic Acid Dynamics Using
Simple Duplexes. Nucleic acid duplexes of moderate length are rigid elements with defined, regular shapes so that dynamic properties can be predicted and compared to experimental measures. 21, 40 We therefore determined the FPA of 6-MI-labeled DNA duplexes of varying length and compared the experimental (Table 1A ; see Supporting Information for description of duplexes and predictions).
values to predicted values (see Supporting Information). Duplexes ranging in length from 11 to 47 base pairs gave experimental FPA values that increase with helix length in a fashion that closely mirrors the predicted values, suggesting that 6-MI anisotropy can be used to monitor dynamic motion of helices ( Figure 2 ). The observation of slightly smaller values relative to the predicted values may arise from residual motion of 6-MI within the helix, from a slight offset of the transmission dipole relative to a perpendicular from the helical axis, 41 or from a combination of these factors. The duplexes also all have a single G · T mismatch (Table 1) that could lead to greater motion of 6-MI and lessen the observed anisotropy. Regardless of the origin of this small difference, the trend observed in Figure 2 and results described below provide strong support for the ability of 6-MI to report on helix dynamics.
Further Testing 6-MI as a Probe of Nucleic Acid Dynamics Using Model Nucleic Acid Constructs with Intrinsic Flexibility.
A further prediction concerning the FPA of 6-MI-containing helices is that the introduction of single-stranded junction sequences should increase the dynamic motion, relative to constructs with the junctional residues engaged in base pairing or omitted. In addition, structured RNAs consist of short helical regions connected by formally single-stranded regions, so that constructs such as those studied herein can provide informative models for the constraints present for analogous sequences and structures within complex structured RNAs (see below). Figure 3A depicts a series of model constructs (MC) with two helices connected by different junctions. Constructs with single-stranded junctions of three A residues (MC-3A), three U residues (MC-3U), and a PEG tether of the length of three residues (MC-PEG) were compared to a construct lacking a tether (MC-nicked). Adding a single-stranded region in the model constructs is predicted to allow segmental motion and thus may lead to decreased anisotropy relative to a continuous helix. As predicted, the junction-containing constructs showed reduced anisotropies (Figure 4) .
The results of Figure 4 also agree with the expectation of greater stacking interactions, and thus less motion, for the construct containing a 3A junction than for the construct with a 3U junction. 42, 43 It is less intuitive that the 3U and PEG (41) Lakowicz, J. R. Principles of Fluorescence Spectroscopy, 3rd ed.;
Springer: New York, 2006. junctions should give similar dynamics. Small-angle X-ray scattering and electrostatic computations indicate that the helices for each of these constructs are largely coaxial under the ionic conditions used in this experiment, and the preferred coaxial orientation has been attributed to electrostatic repulsion between the helices. 44, 45 Perhaps the restrictions from electrostatic repulsion result in similar motions on the nanosecond time scale for the 3U and PEG constructs despite the greater intrinsic flexibility of PEG. This observation underscores the importance of probing dynamics on multiple time scales in future studies.
The results of this and the previous section provide strong support for the ability of site-specifically incorporated 6-MI to probe the dynamics of individual helices. However, additional experiments gave paradoxical results that revealed a complicating factor for direct comparison of model construct mobility with mobilities observed for helices within large structured RNAs and RNA/protein complexes. We describe this complexity in the next section and the solution to it before probing the dynamics of a critical helical element of the Tetrahymena group I ribozyme.
Isolation of Junctional Motion in Model Constructs Using
a Protein "Anchor". We were at first surprised to see that the anisotropy of model constructs with the 3U and PEG junctions approaches that for the 3A construct with added ionic screening from Mg 2+ ( Figure 5B ). However, results of small-angle X-ray scattering (SAXS) experiments with related constructs helped resolve this paradox and exposed the need for a helical "anchor". SAXS studies revealed that constructs with 3U and PEG junctions more readily adopt a bent conformation than those with 3A junctions as ionic screening is increased. 44, 45 Apparently, the electrostatic relaxation from higher screening that allows bent conformers is opposed by the linear preference that arises from stacking of A residues. 43, 46 Thus, the observed FPA of the 3U and PEG constructs is a function of both the junction flexibility and the molecule's overall tumbling and rotation, and the overall motions are slower for a stably bent than for a linear molecule. 20, 47 The Mg 2+ -induced increase in FPA of the 3U and PEG constructs relative to the 3A construct may thus not represent a relative change in junction flexibility but rather differences in the overall shapes of the molecules. (There is also an effect of Mg 2+ on the anisotropy of a duplex control, presumably because of an effect on local mobility of 6-MI; comparisons of FPA values obtained under different ionic conditions have therefore been normalized for this effect (see, e.g., Supporting Information, Figure S4 ).)
Our aim with the model constructs, in addition to establishing that 6-MI FPA can be used to monitor helical motions, was to provide benchmarks for motions of individual helices within complex RNAs. We therefore needed to isolate the helix motion due to the junction flexibility in the model constructs. To do that, we incorporated the Lac repressor binding sequence in a central DNA region of the model constructs ( Figure 3A) . This sequence allowed binding of the LacI protein, which, due to its size (MW ) 154 kDa), greatly restricts overall tumbling of the model construct on the nanosecond anisotropy time scale ( Figure  3B , Supporting Information, and Figure 5 ). As shown in Figure  5 , addition of LacI increases the observed anisotropy. The Mg 2+induced decrease in the anisotropy difference between A3 and U3/PEG is less significant with LacI bound than without, which corresponds to a reduction in impact of the molecular shape and overall tumbling on the observed anisotropy upon LacI binding. The residual Mg 2+ effect could arise from different effects of Mg 2+ on junction flexibility for the different junction sequences but would require further study to resolve. Figure 3A , Table 1 ) without LacI bound. The oligonucleotide used is S F (see text and Table 1A ). The anisotropy for the 11mer duplex with the same sequence as the 11mer region of the model constructs is shown for comparison. Conditions: 50 mM NaMOPS, pH 7.0, 280 mM NaCl, 15°C.
The first simple prediction is that the closed complex, with the P1 helix docked into its tertiary interactions, will exhibit low mobility. This prediction was confirmed, as the anisotropy of 6-MI incorporated in the P1 helix in the closed complex is considerably higher than the value for the same helix and same connecting sequence (J1/2 ) AAA) in model construct MC-3A under identical conditions, 0.296 versus 0.243 ( Figure 6A and legend). The model construct measurements for this and the other ribozyme comparisons were carried out with bound Lac repressor to eliminate contributions from the faster tumbling of the free model construct, and the model construct used for this comparison contained an internal G · U wobble pair to match the conserved G · U pair within the P1 helix ( Figure 6 and Table   1 ). With Lac repressor bound, the overall size of the model construct is similar to the ribozyme (LacI + model construct ) 154 + 34 ) 188 kDa; ribozyme ) 130 kDa).
One model for the slow docking of P1 is that the open complex is engaged in alternative nonproductive interactions that must be broken prior to correct docking. This model is supported by the formation of a specific cross-link between the P1 duplex and the ribozyme core from the open complex. 1, 31 However, we observed that the anisotropy of the open complex is considerably lower than that for the closed complex ( Figure  6B ) (the open complex anisotropy was determined by using an oligonucleotide with a 2′-methoxy substitution that disrupts the closed complex but has no effect on the docking rate constant or on the anisotropy of the The open complex is slightly less mobile than the corresponding model complex ( Figure 6C) , an effect that could arise from an interaction of one of the A residues of the J1/2 sequence. This model is consistent with the differential reactivity of the J1/2 A residues that is observed with dimethyl sulfate (DMS) in the ribozyme's open complex. 56 Also, local steric effects could alter the J1/2 conformation and mobility. However, an effect from local electrostatics is argued against by the observation that a ribozyme with a J1/2 junction consisting of three U residues does not exhibit higher anisotropy than its corresponding model control ( Figure 6C and see below) .
Mirroring the greater mobility of U residues observed in the model constructs, a ribozyme with three U residues for its J1/2 sequence gave lower anisotropy for its open complex than that observed with the wild-type A 3 sequence ( Figure 6C ). In this case, the ribozyme was slightly more mobile than the corresponding model construct. It is possible that there is residual motion within the ribozyme that increases the observed relaxation of the P1 helix relative to the model construct anchored by rigid binding to the Lac repressor. Consistent with this model is the observation that mutations that disrupt the ribozyme's long-range tertiary interactions increase motion of the P1 duplex (i.e., decrease the anisotropy of the bound oligonucleotide; X. S., T. Benz-Moy, and D. H., unpublished results).
To learn more about the open complexes, we compared crosslinking of ribozymes containing the wild-type A 3 and the mutant (Table  1A ). The LacI experiments require a NaCl concentration of 280 mM or higher. Nonspecific binding of LacI with the model constructs becomes noticeable at lower NaCl concentration (see Supporting Information). 
Conclusions and Implications
Docking of the P1 duplex occurs on the second time scale, much slower than expected for a free conformational search. 38 The greater mobility of the P1 helix in the open complex as compared to the closed complex indicates that slow docking does not originate from trapping of P1 in an alternatively docked state. Nevertheless, the preferred cross-link formed in the open complex (Figure 7 1 ) is consistent with restricted motion in this state, as is the slightly lower anisotropy of this state relative to the corresponding model construct control.
There is a modest increase in the rate of docking upon mutation of J1/2 to three U residues (L. E. Bartley and D. H., unpublished results). Correspondingly, when P1 is attached to U 3 in the J1/2 mutant, there is an increase in the motion of the P1 duplex and the cross-linking positions that are accessible. Nevertheless, this J1/2 mutant destabilizes the docked state relative to the open complex (L. E. Bartley and D. H., unpublished results; see also Figure 7 ).
On the basis of these results, we suggest the following model. The U 3 J1/2 sequence allows additional conformer sampling of the P1 helix in the open complex, relative to the A 3 sequence. This broader sampling increases the probability of collisions with regions of the ribozyme that make tertiary interactions with P1 in the closed complex, thereby increasing the rate of docking (k dock ) 3 s -1 for A 3 and 6 s -1 for U 3 , L. E. Bartley and D. H., unpublished results). However, the docked complex is destabilized by the U 3 mutation because tertiary and stacking interactions of the A 3 sequence that are formed subsequent to the docking transition state cannot be made with the U residues (K dock ) 30 for A 3 and 1 for U 3 , L. E. Bartley and D. H., unpublished results). The change in protection of one of the A residues within J1/2 upon docking is consistent with an alternative preferred conformation of the wild-type open complex or with formation of tertiary interactions with J1/2 in the wild-type closed complex. 56 Relating motions within complex RNAs to defined models will aid in analysis and interpretation, as will comparison to results from other experimental approaches. Herein, we have brought together fluorescence anisotropy results for wild type and mutant RNAs and model constructs with cross-linking, chemical protection, and single molecule fluorescence assays of P1 docking kinetics and equilibria. Although our finding in itself cannot fully explain why P1 docking happens on the second time scale, these results rule out a previous model for slow docking and lead to a more sophisticated docking model that integrates the results from these distinct experimental modalities. Our docking model is compatible with the previously proposed scenario in which the catalytic site is not prealigned for docking. 38 Thus, even though the U 3 -tethered P1 duplex may attempt to dock more frequently than A 3 -tethered P1, the vast majority of the attempts for both species are likely to be unsuccessful because of the need of the catalytic core to rearrange, either prior to or following initial encounter with P1. Future challenges, in addition to testing and refining this model, are to better understand the molecular origins of RNA motions on the nanosecond time scale and the integration of techniques that provide dynamic and conformation information over a wide spectrum of time scales.
We have explored the nanosecond time scale dynamics of an individual helix within different conformational states of a Table 2 . Conditions: 50 mM NaMOPS, pH 7.0, 10 mM Mg 2+ , 23°C, with varying concentrations of NaCl. Oligonucleotide S C , 5′-r(CCCUCU)-3′, favors the closed complex. Oligonucleotide S O , 5′-r(CCC m UCU)-3′, favors the open complex; 34,35 "m" refers to a 2′-OCH 3 substitution. The varying NaCl concentration was used to destabilize residual closed complex. 1, 38 As expected, the intensity of band 1, the band associated with the closed complex in R3A, decreases with increasing NaCl concentration (lanes 3-5). However, the intensity of band 2a, the band associated with the open complex in R3A, does not increase detectably with increasing NaCl for R3A (lanes 3-5). For R3U, band 2a weakens with increasing NaCl concentration. A possible explanation is that increasing NaCl concentration renders the conformation associated with forming crosslinking at 2a less favorable as compared to conformations that give crosslinking at other positions or do not give cross-linking.
complex functional RNA. We suggest that 6-MI and related species [26] [27] [28] [29] will be powerful and incisive probes of RNA dynamics. Effective controls for overall tumbling effects, via the addition of protein anchors, and for local effects from different ionic environments can be carried out. Nonetheless, only an average motion over the nanosecond time scale is reported, and a full understanding of RNA conformational dynamics will require additional experimental modalities likely coupled to computation.
